Bonding strength and interfacial microstructures of Ti/steel clads using Zr and Ta inserts have been investigated from the viewpoint of diffusion barrier effect of carbide layer formed at the interface. Diffusion bonding was performed at 1 073 to 1 273 K for 3.6 and 14.4 ks in a vacuum. TiC layer, as a diffusion barrier, is observed at the interface in the Ti/low carbon steel (structural steel, SS400) clad bonded at 1 073 K and 1 173 K without Zr and Ta inserts. However, the clad bonded at 1 273 K has no TiC barrier layer, and thus microstructural change resulting from the diffusion of Fe and Ti atoms into each parent material is observed. Although Zr insert is used in order to produce the carbide layer showing diffusion barrier effect at 1 273 K, such a layer cannot be obtained because of eutectic reaction between the steel and the insert. On the other hand, Ta insert leads to the formation of reaction layer consisting of TaC and Ta 2 C in the clad bonded at 1 273 K. This clad shows the highest bonding strength in the present study. Therefore, Ta insert makes it possible to retain diffusion barrier effect of carbide layer at the temperature of 1 273 K and improves the bonding strength of the Ti/SS400 steel clad as well. The advantages of Zr and Ta inserts for Ti/high carbon steel and Ti/stainless steel clads are also discussed.
Introduction
Titanium is suitable for application in the aerospace and chemical industries because of its high strength/density ratio and excellent corrosion resistance. The major disadvantages of this metal are high cost and difficulty in bonding with other materials. Among methods for reducing its cost, Ti/steel clad has been drawing particular interest in connection with good economy and high strength of the steel.
Recently the Ti/steel clad has been fabricated by hot rolling, diffusion bonding, overlay welding and explosive welding. It is known that brittle compounds such as TiC, FeTi and Fe 2 Ti are formed at the interface in the clad during fabrication process and subsequent heat treatment. Since these compounds affect the bonding characteristics, it is important to control the interfacial reaction between the Ti and the steel. The Joint Society on Iron and Steel Basic Research in The Iron and Steel Institute of Japan has performed detailed investigations for the influence of reaction products and carbon content in the steel on bonding strength of Ti/ultra low carbon steel clads.
1) The present authors have also investigated the bonding characteristics and interfacial microstructures of the explosively welded Ti/carbon steel and Ti/stainless steel clads of the as-welded and annealed states, and have discussed the influence of carbon content and alloy elements in the steel. [2] [3] [4] [5] [6] One of important aspects obtained by our study is diffusion barrier effect of TiC layer, which has been also reported by Momono et al. 7) and Fujita et al. 8) The TiC layer formed at the interface acts as a barrier for diffusion of constituent elements into each parent material and suppresses the formation of Fe-Ti intermetallic compounds. Consequently, this layer enables the Ti/steel clad to maintain high bonding strength even after prolonged heat treatment at elevated temperatures.
In the present study, Zr and Ta are used as an insert of the Ti/steel clad. Ti-Zr and Ti-Ta binary systems have complete solid solution and the carbides of Zr and Ta, as well as TiC, are thermodynamically stable. It can be expected that these metals promote the formation of carbide layer as a diffusion barrier at rather high temperature range in which TiC layer cannot be produced. The effect of the Zr and Ta inserts on bonding strength and interfacial microstructures is discussed.
Experimental Procedures
Commercially pure grade of Ti (TP35H, provided by Nippon Steel Corporation) and three commercially served steels, which were high carbon steel (tool steel, SK5), low carbon steel (structural steel, SS400) and austenitic stainless steel (SUS304), were used in the present study. These chemical compositions are shown in Table 1 . The dimensions of these materials were 7 mmϫ7 mmϫ5 mm. Their bonding surface was finished with #1200 emery paper. Zirconium and tantalum, which were 20 mm and 15 mm thick respectively, were used as a metal insert. In order to enhance the adhesion at the bonding interface in the specimen without these inserts, Ti insert of 20 mm in thickness was also used. Before bonding process, all materials were cleaned by degreasing in acetone using ultrasonic cleaning equipment and dried with hot air.
The bond couple whose stacking sequence was Ti, metal insert and steel was fixed in jig composed of two Mo rods and two SUS304 blocks. This assembly was heated at 1 073 to 1 273 K for 3.6 and 14.4 ks in a vacuum furnace, and diffusion bonding of the Ti to the steel using metal insert was completed. In addition, several specimens were heated at 1 273 K for 90 ks in evacuated silica tube and then cooled in the furnace in order to examine the stability of carbide layer on prolonged heat treatment.
The specimens were cut perpendicular to the interface to reveal the interfacial microstructures of the obtained Ti/steel clads. The cross sections were mechanically polished with emery papers and then finished with alumina powders. After etching, they were examined by optical microscopy, electron probe X-ray micro analysis (EPMA) and scanning electron microscopy (SEM) equipped with energy dispersive X-ray spectroscopy (EDX). The specimens for transmission electron microscopic (TEM) observations were prepared from slices, which were cut perpendicular to the interface and mechanically ground to a thickness of about 0.1 mm. Disks of 3 mm in diameter containing the bonding interface were punched by ultrasonic cutting machine and finished with an argon ion beam milling machine. Accelerating voltage on TEM observations was 200 kV.
Bonding strength of the obtained clads was evaluated at room temperature by shear test, which is performed at a crosshead speed of 8.3ϫ10 Ϫ3 mm/s using an Instron type tensile machine equipped with a special gripping device. Xray diffraction (XRD) was carried out on fracture surface of the clad after the shear test.
Results and Discussion

Bonding Strength and Interfacial Microstructure
of Ti/High Carbon Steel Clad Reaction layer consisting of carbide is easily formed at the interface of Ti/SK5 tool steel clad, since the steel contains 0.82 mass% C.
3) Hence, the joining of the Ti to the SK5 steel using Zr and Ta inserts was carried out to investigate the influence of Zr and Ta carbides on bonding strength. Figure 1 shows optical micrographs of the interface in the Ti/SK5 steel clad bonded at 1 273 K for 3.6 ks. The metal inserts in Figs. 1(a) to 1(c) are Ti, Zr and Ta, respectively. Although a part of Ta insert remains between the Ti parent material and the steel, the trace of Ti and Zr inserts disappears through bonding treatment. Widmansttäten structure is observed around the interface in the clads with Zr and Ta inserts. Both Ti-Zr and Ti-Ta binary systems have complete solid solution, and the formation of Widmansttäten structure is attributed to the transformation of b-Ti containing Zr and Ta during cooling from bonding temperature to room temperature. A continuous reaction layer can be seen in all cases. Figure 2 shows X-ray diffraction patterns of fracture surface on the steel side of the Ti/SK5 steel clad after shear test. The clad materials prepared in the present study fractured mainly at the interface between the steel and the metal insert on the shear test. Therefore, the diffraction peaks of not only parent materials but also reaction products are obtained by XRD on the fracture surface. The peaks of the reaction products shown in Fig. 2 are consistent with those of carbides such as TiC, ZrC and TaC. These carbides were also detected in the fracture surface on the opposite side, while there were no dif- fraction peaks of intermetallic compounds. Consequently, the reaction layers presented in Figs. 1(a) to 1(c) are concluded to be TiC, ZrC and TaC, respectively. These carbide layers are found to serve as a barrier for diffusion of constituent elements across the interface, since no microstructural change resulting from the diffusion of Fe and Ti atoms into each parent material is observed in Fig. 1 . The shear strength of Ti/SK5 steel clads bonded at 1 273 K for 3.6 ks using Ti, Zr and Ta inserts is shown in Fig. 3 . The bonding strength of the clads with Ti and Ta inserts is about 180 MPa and that of the clad with Zr insert is 160 MPa. These values are superior to the lower limit of shear strength for various Ti/steel clads established by Japanese Industrial Standards Committee (JIS G 3603), which is 140 MPa. However, the bonding strength of the clad with Zr insert is slightly lower than that of other clads. This degradation is also found in the case of other Ti/steel systems described later. Therefore, Widmansttäten structure of Ti-Zr solid solution in contact with the interface is thought to affect the bonding strength, because it showed higher hardness than other areas in the Ti parent material. As a result, it seems that the bonding strength of Ti/steel clad with carbide layer as a diffusion barrier is independent of kind of the carbide.
Interfacial Microstructures of Ti/Low Carbon
Steel and Ti/Stainless Steel Clads Figures 4(a) to 4(c) show optical micrographs of the interface in the Ti/SS400 structural steel clads bonded at 1 073, 1 173 and 1 273 K for 3.6 ks using Ti insert. The marked change of interfacial microstructures is seen between Figs. 4(b) and 4(c). XRD and compositional analyses such as EPMA and SEM-EDX were carried out in the clads bonded at 1 073 and 1 173 K, and it was confirmed that TiC layer formed at the interface inhibited the diffusion of Fe and Ti atoms. On the other hand, it was found that there are TiC, FeTi and Fe 2 Ti at the region III in the clad bonded at 1 273 K. This indicates that the diffusion of constituent elements is promoted in the temperature range of 1 173 to 1 273 K due to the disappearance of TiC layer. Consequently, Widmansttäten structure marked with I and b-Ti marked with II in Fig. 4(c) are produced by the diffusion of Fe atom into the Ti parent material. In addition, TiC grains disperse and columnar grains are formed in region IV in the SS400 steel.
Figures 4(d) and 4(e) show optical micrographs of the interface in the Ti/SS400 steel clads bonded at 1 073 and 1 173 K, respectively, for 3.6 ks using Zr insert. These microstructures are similar to that of Ti/SK5 clad with the same insert as shown in Fig. 1(b) . From the results of compositional analyses and XRD, the reaction product of these clads was determined to be ZrC. Microstructural aspect of the clad bonded at 1 273 K for 3.6 ks is shown in Fig. 4(f) . A wavy interface is seen and there are several compounds with granular and coral shapes in region IIIЈ. These features indicate that liquid phase is generated by eutectic reaction between the steel and the Zr insert. According to Fe-Zr binary phase diagram, the eutectic reaction takes place at 1 220 K in the composition of Fe-83.8 mass%Zr and is represented by the following reaction.
The diffusion of atoms across the interface proceeds easily on bonding process because of the existence of liquid phase. Consequently, the microstructures in regions IЈ, IIЈ and IVЈ in Fig. 4(f) are similar to those in regions I, II and IV in Fig. 4(c) . It should be noted that the above eutectic reaction is not observed in the Ti/SK5 steel clad bonded at 1 273 K using Zr insert. This indicates that the stability of carbide layer formed at the interface in Ti/steel clad depends closely on carbon content in the steel.
Figures 4(g) to 4(i) show optical micrographs of the interface in the Ti/SS400 steel clads bonded at 1 073, 1 173 and 1 273 K for 3.6 ks using Ta insert. The Ta insert remains at the interface in all cases. Except for growth of reaction layers formed at both sides of the insert, no interfacial microstructure change occurs even with the variations in the bonding temperature. The results of SEM-EDX analysis of the interface in the clad with Ta insert is shown in Fig. 5 . This clad is bonded at 1 273 K for 14.4 ks. The analytical compositions taken from positions A and B show that Ti and Ta atoms hardly diffuse into the SS400 steel. It is noted that the amount of carbon in these positions is larger than nominal carbon content in ferrite and Fe 3 C phases. The cause, though unclear now, may be attributed to the fact that the detected concentration of carbon is affected by the contamination generated on polishing, etching and SEM observations. On the other hand, the composition taken from position C indicates the formation of TaC at the interface. This was supported by diffraction peaks of TaC, which were obtained by XRD after shear test. In the same way, the existence of Ta 2 C is suggested by not only the results of XRD but also Ta/C ratio in position D. It is known that the Ta 2 C contains slightly less carbon than the stoichiometric content and has a very small composition range. 10) This carbide is actually observed in the Ti/stainless steel system mentioned later, although the standard free energy for Ta 2 C formation is slightly larger than that for TaC formation. 11) Therefore, the clad presented in Fig. 5 has a strong possibility of the formation of Ta 2 C. Position E corresponds to the region of Ti-Ta solid solution, and Widmansttäten structure produced by its phase transformation is seen in the left side of this position. The amount of Fe in both Ti parent material and residual Ta insert is as small as that of Ta and Ti in the steel, while there were no diffraction peaks of intermetallic compounds in the results of XRD. These indicate that Ta carbides formed in contact with the SS400 steel are stable at 1 273 K and contribute to the suppression for the diffusion of metal atoms. Such a situation was maintained even after heat treatment performed at 1 273 K for 90 ks, regardless of the decrease of residual Ta insert by interfacial reaction. Consequently, the Ta insert makes it possible to produce the carbide layer having diffusion barrier effect in Ti/SS400 steel clad bonded at 1 273 K.
In the case of Ti/stainless steel clad, it is difficult to form the diffusion barrier layer consisting only of carbide, since the stainless steel contains minute amounts of carbon and large amounts of alloy elements. Figure 6 shows optical micrographs of the interface in the Ti/SUS304 austenitic stainless steels clad with Ti, Zr and Ta inserts. These clads are bonded at 1 173 K for 3.6 ks. b-Ti and Widmansttäten structure, which are produced by the diffusion of Fe atom into the Ti parent material, can be seen in the clad with Ti insert as shown in Fig. 6(a) . This indicates difficulty in forming TiC layer as a diffusion barrier. It is considered that the reaction layer formed at the interface consists of TiC, TiFe, Fe 2 Ti, c and s compounds. 5) c and s are FeCr-Ti and Fe-Cr base compounds, respectively. Furthermore, a black area lying between the reaction layer and the SUS304 steel in the micrograph may be regarded as a-Fe layer. 5) Microstructural aspects of the interface in the Ti/SUS304 steel clads with Zr and Ta inserts are presented in Figs. 6(b) and 6(c). These microstructures are similar to those of the Ti/SK5 steel clads using same inserts in Fig. 1 . The reaction layer formed at the interface in Fig. 6(b) was identified as ZrC by compositional analyses and XRD. The formation of ZrC layer has been also recognized by TEM observations.
5) It may be thought that this phenomenon is attributed to the lower standard free energy for ZrC formation in comparison with TiC. However, drastic diffusion of constituent elements across the interface took place in the clad bonded at 1 273 K because of eutectic reaction between the steel and the Zr insert. In the clad with Ta insert as shown in Fig.  6(c) , part of the insert remains at the interface and no microstructural change resulting from the diffusion of Fe atom into the Ti parent material is also observed. The clad bonded at 1 273 K for 3.6 ks also exhibited such an interfacial microstructure. Figure 7 shows TEM micrographs of carbides in the Ti/SUS304 steel clad with Ta insert. To examine the thermally stable reaction products formed at the interface between the steel and the residual Ta insert, this clad is bonded at 1 273 K for 3.6 ks and then heat treated at 1 273 K for 90 ks. Its microstructural aspect was similar to that of the clad presented in Fig. 6(c) on an optical microscopic scale, except for the decrease of residual metal insert and the grain growth in the parent materials. Two arrows in Fig. 7(a) show the interface between residual Ta insert and carbides. Ta 2 C and TaC are confirmed in the vicinity of the residual insert. This specimen also had the interface at which the TaC came into contact with the Ta insert. Therefore, the region close to the residual insert is considered to be a mixture zone of two kinds of Ta carbides. Fe 2 Ta compound known as Laves phase was also formed between SUS304 steel and Ta carbides. Since there were no diffraction peaks of Fe 2 Ta in the results of XRD for the clad bonded at 1 273 K for 14.4 ks, it was presumed that this compound appeared clearly by prolonged annealing due to the difficulty in diffusing into the Ta insert. For instance, the diffusion coefficient of Fe in Ta matrix is 2.7ϫ10 Ϫ17 m 2 /s at 1 273 K and is extremely smaller than that of Fe in b-Ti matrix which is 5.4ϫ10
Ϫ12 m 2 /s at 1 273 K. 12) Thus, as the formation of Ta carbides is promoted close to the insert by prolonged annealing, Fe 2 Ta compound would be produced in the region in which the concentration of Fe is relatively raised in the SUS304 steel. It is concluded that Ta insert is © 2002 ISIJ superior to other metallic inserts for diffusion barrier of carbides. Figure 8 shows the bonding strength of Ti/SS400 steel clads with Ti, Zr and Ta inserts. These clads are bonded at 1 173 and 1 273 K for 14.4 ks. Black and white bars in the figure indicate the clad with and without carbide layer as a diffusion barrier on the basis of Fig. 4 . Therefore, the white bar corresponds to the clad bonded at 1 273 K using Ti insert, while the clad bonded at 1 273 K using Zr insert is excluded from the shear test because of remarkable products formed by eutectic reaction between the steel and the insert. All clads with carbide layer show higher strength than the clad bonded at 1 273 K using Ti insert. The bonding strength of the clad bonded at 1 273 K using Ta insert is 166 MPa and is the highest among the clads. It is noteworthy that the bonding strength of the clad with Zr insert is slightly lower than that of the clads with Ti and Ta inserts. This is also confirmed in the case of Ti/SK5 steel clad as shown in Fig. 3 , and it is considered that the bonding strength is affected by the microstructure around the interface. On the other hand, the same tendency was recognized in the results of shear test of the Ti/SUS304 steel clads with Ti, Zr and Ta inserts. The highest bonding strength, which was 159 MPa, was obtained in the case of the clad bonded at 1 273 K for 14.4 ks using Ta insert and exceeded the lower limit of shear strength specified by JIS G 3603.
Bonding Strength of Ti/Low Carbon Steel and Ti/Stainless Steel Clads
Ta insert makes it possible to fabricate the Ti/steel clad having diffusion barrier in the temperature range in which TiC and intermetallic compounds are formed at the interface and the constituent elements diffuse easily into each parent material. Consequently, the bonding strength is improved by the use of this material.
Conclusions
Bonding strength and interfacial microstructures of Ti/steel clads using Ti, Zr and Ta inserts have been investigated from the viewpoint of diffusion barrier effect of carbide layer formed at the interface. The main conclusions are summarized as follows.
(1) In the Ti/high carbon steel (SK5) clads bonded at 1 273 K using Ti, Zr and Ta inserts, carbide layer as a diffusion barrier is formed at the interface. The carbide layers are TiC, ZrC and TaC, respectively. It seems that the bonding strength of these clads is independent of kind of the carbide, though the bonding strength of the clad with Zr insert is slightly lower than that of other clads.
(2) In the Ti/low carbon steel (SS400) and Ti/stainless steel (SUS304) clads bonded at 1 273 K using Ti and Zr inserts, carbide layer as a diffusion barrier could not be produced at the interface. Especially, the Zr insert reacts with the steel at eutectic point and remarkable products are formed around the interface. On the other hand, Ta insert leads to the formation of reaction layer consisting of TaC and Ta 2 C in the clad bonded at 1 273 K. These carbides are stable at 1 273 K and contribute to the suppression for the diffusion of constituent elements. Therefore, Ta insert makes it possible to fabricate the Ti/steel clad with diffusion barrier in the higher temperature range.
(3) The highest bonding strength of Ti/low carbon steel and Ti/stainless steel clads was obtained by the combination of Ta insert and bonding temperature of 1 273 K. As a result, the use of this material is expected to improve the bonding strength of the Ti/steel clad.
